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Ni-based single crystal (SX) superalloys are widely used in advanced turbine engines due to their excellent high temperature strength and exceptional resistance to fatigue, creep, oxidation and corrosion damage [1] [2] [3] . These SX superalloys are manufactured by directional solidification techniques followed by subsequent solid solution and precipitation hardening heat treatments to optimise the high temperature strength and the creep resistance. Due to the complicated alloy composition and usage of heavy elements such as W, Mo and Ta, the material inevitably contains defects such as shrinkage pores inherited from the solidification process [1, [4] [5] [6] . Also, due to the addition of carbon to improve the castability, carbides are common features, located at the interdendritic regions [7] [8] [9] . These shrinkage pores and carbides are usually associated with fatigue crack initiation under service conditions and can influence fatigue crack propagation depending on the size of the pores and carbides, applied strain amplitude, test temperature and environment [4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This usually lowers the fatigue life of SX superalloys and introduces large fatigue life variability [4, 5, 12, 14, 15, 17, 21] .
Generally speaking, in the high cycle fatigue test regime, crack initiation is quite sensitive to the existence of the pores and carbides and their size, shape and distribution [16, 18] ; in the high cycle fatigue test regime, cracks generally initiate from (internal) pores at relatively low strain amplitudes [13, 20] , whereas cracks initiate from near surface pores, carbides and slip bands at relatively high strain amplitudes [4, 19, 20] .
It is widely accepted that the effect of pores and carbides on fatigue crack initiation is closely related to their size, shape and location/distribution, with the size of pores and carbides generally thought as the most critical parameter for crack initiation in casting alloys such as Al alloys and Ni-based SX Superalloys [4-6, 15, 16, 21-24] . Above a critical size, pores and carbides may play a decisive role in crack initiation by generating a localised stress concentration [5, 6, [23] [24] [25] . Studies have also shown the location to be important where pores and carbides located at, or close to, the surface are more detrimental to crack initiation than internal pores and carbides [22, 25, 26] . It is also believed that the shape of pores and carbides also influences the crack initiation process as the local radius is related to the degree of stress concentration [6, 25, 26] . However, many studies have been limited to traditional two-dimensional (2D) metallographic approaches that may introduce some bias in characterising the pore and carbide size and shape, as these do not consider the threedimensional (3D) nature of these features [27] . In particular, the complex 3D shape of carbides and porosities, and their distributions and concentrations in the bulk may also make an important contribution to fatigue crack initiation.
Whilst it is clear that pores and carbides play a significant role in fatigue crack initiation, the mechanisms involved have not been fully captured experimentally. Currently, limited studies have been carried out to assess the full-field strain distribution around such pores and carbides to provide deeper insight into the crack initiation mechanisms. Recently, high resolution electron backscatter diffraction (HR EBSD) has been applied to study the residual elastic strains and geometrically necessary dislocation (GND) distribution around carbides and non-metallic inclusions in Ni-based SX superalloys and have shown enhanced localised strain and denser GND distribution around these defects [28] [29] [30] . Additionally, the full-field in-plane strain measurement technique of digital image correlation (DIC) has also been used to investigate strain localisation in polycrystalline Ni-based superalloys at the grain level with sub-micron resolution by using scanning electron microscopy (SEM) as the image acquisition system [31] [32] [33] [34] . This recent development of HR EBSD and SEM-DIC provides a feasible methodology to map the localised strain distribution around the pores and carbides, thus enabling a more detailed understanding of the fatigue crack initiation mechanisms from these defects which are inherent to the manufacturing route.
To appreciate how fatigue cracks initiate in a Ni-based SX superalloy (i.e. MD2 alloy), this study uses ex-situ SEM-DIC and X-ray computed tomography (CT) imaging methods to provide a deeper understanding of the role of pores and carbides in strain localisation and fatigue crack initiation by linking the 3D microstructural features to the full field strain distribution. In this study, CT is used to quantify the porosity and carbide size and distribution within the SX superalloy MD2 and to qualitatively assess the 3D crack propagation. The strain accumulation and evolution in the SX superalloy MD2 under cyclic loading has been measured by SEM-DIC using secondary γ' as a natural speckle pattern.
Special focus has been given to the strain accumulation around pores and carbides as these areas are preferential crack initiation sites. The interaction between cracks and pores has been assessed by X-ray CT image-based modelling to evaluate the stress concentrations generated around the pores and to predict likely sites for crack initiation. The deformation structures around the pores and carbides associated with crack initiation and at the crack tip have been examined to investigate the micro-mechanisms of crack initiation and propagation.
Material and experimental procedures

Material and microstructural characterisation
The SX superalloy MD2 used in this study was provided by GE Power. The composition (in wt.%) of the MD2 alloy was 8.08 Cr, 5.09 Co, 5.05 Al, 1.31 Ti, 7.97 W, 2.04 Mo, 6.0 Ta, 0.12 Hf, 0.1 Si, 0.0229 C, 0.0066 B, <0.05 Re, <0.01 Ru, Ni bal. The MD2 alloy was provided in the form of cylindrical rods with longitudinal orientation of <001> after solution and precipitation hardening heat treatment in vacuum. Specimens were extracted from the MD2 cylindrical rods and prepared in a cube-cube orientation with the tensile axis aligned with the <001> crystallographic direction. Two coupon systems were prepared in this study, consisting of a dog-bone and plain bend bar specimen. The dog-bone specimens ( Fig. 1(a) were used to evaluate strain localisation under cyclic loading using the SEM-DIC and the narrow 0.65 × 0.65 mm cross-section was necessary to facilitate sufficient X-ray transmission in the CT scans. The plain bend bar specimens ( Fig. 1(d) ) were used to further evaluate the deformation structures around the crack initiation sites and at the crack tips using electron channelling contrast imaging (ECCI) under controlled diffraction conditions. HCl) for about 10 seconds after being ground and polished to reveal dendrite microstructures and carbides, and was electro-etched in a solution of 10% orthophosphoric acid in H2O at a voltage of 2 V for 25 seconds to reveal γ'. The microstructures of the MD2 alloy were observed using an Olympus BH2 optical microscope (OM) and a JEOL JSM 6500F field emission gun (FEG) SEM. Two X-ray CT facilities were used to study the void and carbide distribution within the MD2 dog-bone specimens. These consisted of: synchrotron radiation computed tomography (SRCT) undertaken at the SPring-8 facility in Japan, and a laboratorybased XRadia Versa CT scanner within the µ-VIS Centre at the University of Southampton.
SRCT was used to understand both the pore and carbide geometry and distribution within the MD2 alloy within four dog-bone specimens to provide a statistically significant indication of the obtained pore and carbide distribution. Versa CT scanning was used to assess the short crack formation processes on the same SEM-DIC specimens to maximise observations across both techniques. The parameters for the CT scans are listed in Table 1 . Porosity and carbide data were extracted from the CT volume using the ISO 50% global threshold method [35] . To quantify porosity and carbide information, segmented data was processed using the ImageJ plugin BoneJ [36] . This enabled the pore and carbide volume size, sphericity and distribution to be quantified. 
Fatigue tests
Tension-tension fatigue tests were conducted on the dog-bone specimens on an Instron Table 2 following guidelines proposed by the literature [34, [37] [38] [39] . The SEM images taken from the gauge section were stitched together using Fiji software [40] . The stitched image is shown in Fig. 1 (b) . The morphology of γ' (i.e. speckles for DIC analysis)
along with the used subset is shown in Fig. 1 (c) . Once the reference images were taken, fatigue tests were conducted and interrupted after certain loading cycles to capture the SEM images in the ex-situ (unloaded) deformed gauge section. The observation history of this SEM-DIC specimen is taken sequentially at 10000 cycles → 20000 cycles → 30000 cycles → 40000 cycles → 50000 cycles → 55000 cycles. The fatigue tests were stopped before fracture for X-ray CT examination of 3D crack morphology and the interaction between cracks and pores/carbides using the XRadia Versa CT scanner. The parameters used for this scanning are listed in Table 1 . Cracks were segmented semi-automatically using the seeded region growing tool in VG-studio Max. 
Image-based modelling approach
To understand better the nature of the stress concentration around the pores, image-based modelling was conducted. This approach models the exact 3D geometry of the test specimen features obtained from the CT data. Simpleware ScanIP software was used to generate a 3D mesh of the component geometry taken from a CT scan of the dog-bone specimen. This resulted in a mesh of approximately one million tetrahedral elements consisting of a global mesh size of 0.1-0.3 mm and local mesh refinement around the porosities of 0.8 µm. Finite element modelling software ABAQUS was used to apply a static tensile load equivalent to 85% of the yield stress of MD2 alloy to the generated mesh to simulate the peak stress of a tensiletensile cyclic load. A linear elastic model was used, and the employed elastic constants C11, C12 and C44 are 171 GPa, 104.4 GPa and 103.5 GPa respectively [41] .
Ex-situ SEM-DIC characterisation of strain accumulation
DIC analysis was carried out using MatchID commercial software. Due to the ex-situ nature of the SEM-DIC used in this study, a noise sensitivity study was performed. Details of the noise assessment of ex-situ SEM-DIC can be found in a previous publication [33] . Based on the noise sensitive study, a subset of 33 × 33 pixels (i.e. 3.084 µm × 3.084 µm at 1000 magnification) and a step size of 7 pixels were chosen for the DIC analysis. The subset size gave a good compromise between noise and spatial resolution. The step size gave a good balance between computational efficiency and accuracy to capture local peaks in strains.
Other DIC parameters are the same as those used in our previous study [33] . To simplify the comparisons between different shear band orientations, the maximum shear strain has been calculated. This is the radius of Mohr's circle and is independent of the coordinate system.
The maximum shear strain is given by the following equation:
(1)
Deformation structure characterisation
Deformation structures around the crack initiation sites and at the crack tip were examined by ECCI under controlled diffraction conditions in a Zeiss Sigma FEG-SEM operating at 20 keV and a high probe current. This analysis was performed on the plain bend bar specimens shown in Fig. 1 (d) . To prepare the surface, plain bend bar specimens were ground with 180, 800, 1200 and 4000 grit SiC abrasive papers, and polished with 0.05 µm colloidal silica before the fatigue test. Interrupted three point bending fatigue tests were conducted on the plain bend bar specimens on an Instron 8501 hydraulic testing machine at room temperature with a 20 Hz sine waveform and a load ratio of 0.1. The distance between the top two rollers was 40 mm with a roller located at the bottom at the mid-point. The applied load was chosen to produce a maximum stress of 90% yield stress on the top central surface based on simple beam theory calculation. After the fatigue test, the specimens were re-polished with 0.05 µm colloidal silica for 20 minutes prior to ECCI examination of dislocations at the crack initiation sites and at the crack tips. In comparison to transmission electron microscopy (TEM) for the characterisation of deformation structures (i.e. dislocations), the advantages of ECCI are that we are able to observe a much larger area than a TEM foil and that the technique only requires a well-polished specimen surface. Furthermore, the site-specific observation of the deformation structures in the crack tip process zone is a major advantage, as this avoids any constraint relief artefacts that may result from TEM foil extraction at the crack tip.
Accurate sample orientation information was obtained by EBSD at 70° to the sample surface normal and subsequent simulation of the electron channelling pattern (ECP) at 0°
with software TOCA (Tools for Orientation Determination and Crystallographic Analysis) [42, 43] . Any uncertainty in the orientation through misalignment of the EBSD system was corrected by a calibration of the ECP and EBSD patterns with single crystal Si. The ECP can be directly observed in back-scattered electron (BSE) mode on single crystals at 0° and at low magnification. With careful system alignment, it is possible to observe single dislocations when the sample is rotated and tilted into a two-beam condition in BSE mode. These principles of ECCI for dislocation observation can be found in a recent review by Zaefferer [44] . In the present work, the condition g = 020 was used exclusively. Fig. 2 shows representative elements of the microstructure of MD2 alloy. One relevant feature as shown in Fig. 2 (a) is the presence of interdendritic carbides and pores, which can be seen more clearly in Figs. 2 (b) and (c). The carbides located in the interdendritic region have a "blocky" or "script" morphology and are enriched in Ta and Hf as indicated by the EDX analysis shown in Fig. 2 (d) , whereas the small and relatively circular carbides located in the pore are mainly Mo/W-rich carbides as indicated by the EDX analysis shown in Fig. 2 (e). Two distinct pore types can be seen in Fig. 2 (c) . The elongated, irregular shaped pores, are known as shrinkage porosities which form during the final stages of the solidification process [45] . The more spherical, smaller pores are known as gas pores [46] . Figs. 2 (f) and (g) show the morphology and distribution of secondary and tertiary γ' in the MD2 alloy, from which we can see that the secondary γ' has a cubic morphology and tertiary γ' has a circular morphology. of the MD2 alloy. In essence, the occurrence of a pore is likely to be in close proximity to carbides, with locally dense and sparse distributions of these constituents. This is consistent with the 2D observations in OM and SEM and indicates that X-ray CT provides adequate resolution to capture the pores and carbides in this directionally solidified single crystal Nibased superalloy. The size distribution of pores and carbides can be seen in Figs. 3 (d) and (f).
Results
Microstructures of MD2 alloy
Porosity and carbides come in a range of different shapes and sizes. These can be simplified in statistical approaches to understand the distribution of pore size ( Fig. 3 (d) ) and poresphericity ( Fig. 3 (e) ), an indication as to the elongation of the pore. Regarding pore and carbide size, the majority of pores and carbides are smaller than 2000 µm 3 and 4000 µm 3 respectively. Above this level, there are only a handful of very large pores (four in total) 4000-23000 µm 3 . Whilst pore size and elongated shape (sphericity) can be quantified simplistically, it should be highlighted that real pores can be more complex in geometry and therefore are difficult to describe with these simple quantification parameters. Fig. 3 (e) shows a representation of spherical and elongated pores through to more complex pores.
Strain localisation and crack initiation
For the fatigue tests conducted on the dog-bone specimens, the fatigue life ranges from 31k
to 170k cycles. The scatter of the fatigue life is attributed to the variation in size, shape and location of the defects (such as pores and carbides) associated with crack initiation. In addition, it is possible that when determining the nominal maximum applied stress (85% yield), measurement error of the dog-bone cross-section may also contribute to scatter in fatigue life. Whilst this paper has shown significant scatter in fatigue life, the aim of the current study is not to directly assess the scatter but to focus on the microstructural features that are closely related to the crack initiation process. As shown in Fig. 4 , cracks generally initiate from inclusions ( Fig. 4(a) ), large surface carbide clusters ( Fig. 4(b) ) and pores (Figs.
4(c) and (d))
, based on the observation of the fracture surfaces in SEM under the BSE mode.
In general, it seems that reduced fatigue lives are associated with large near surface defects.
In addition, as indicated by the carbide morphology on the fracture surface, it seems that carbide cleavage rather than decohesion at the carbide/matrix interface is responsible for crack initiation. Crystallographic facets can be discerned around pores and carbides, indicating that stage I crack propagation sets in after crack initiation. Strain accumulation under cyclic loading in the dog-bone specimens was investigated by ex-situ SEM-DIC with a focus around pores and carbides. Fig. 5 shows the maximum shear strain evolution in the whole gauge section in the dog-bone specimen, from which we can see the bands of concentrated strain. These bands of concentrated strain are believed to be associated with the formation of slip bands. Hereafter, these bands containing concentrated strains are designated as strain bands for ease of description. The strain bands are clearly visible in the maximum shear strain maps, and show an inclination angle of ~45° with respect to the loading direction. In the first two interruptions, there was no apparent increase in the magnitude of strain within the strain bands or in the strain band density (see Figs. 5 (a) and (b)). After 50000 cycles, more strain bands appeared, indicating that cyclic damage further developed. On further cyclic loading of the specimen by another 5000 cycles to 55000, we can see an evident strain increase and new strain bands can be observed. This strain increment can be seen more clearly in Fig. 5 (e) , which uses the SEM images taken after 50000 cycles as the reference image, and correlates the images taken after 55000 cycles. This significant "apparent strain" increase is caused by crack initiation at 50000 cycles based on the interrupted observation in the SEM and then propagates in the following loading cycles. can be seen at certain locations. Fig. 5 (h) shows that the crack interacts with the carbides during propagation, and intensive deformation around the carbides is discerned as indicated by the dense slip bands shown in Fig. 5 (i) . It should be noted that this intensive deformation in terms of the slip bands is not clearly shown in the strain maps in Fig. 5 (d) . This might be related to the size of the natural speckle pattern being too large to provide a high enough spatial resolution indicating some limitations of the technique. The microstructures at the crack tip are shown in Fig. 5 (j) . It is found that intensive slip bands cut through the γ' and these slip bands show a feature of extrusion as indicated by the contrast difference in the secondary electron images. These slip bands appear to be consistent with the strain bands shown in Figs. 5 (d) and (e).
A close-up of the strain localisation around the pore associated with crack initiation is presented in Fig. 6 with modified scale to highlight the strain accumulation around the pores.
Due to a lack of a natural speckle pattern within the pore, the latter was excluded from the DIC analysis to get more reliable strain distribution around it. As shown in Fig. 6 (a) , a slight enhanced strain accumulation is discerned at the bottom right edge of the pore, which might be associated with the impingement of the slip band with the pore. In addition, the intersection of two slip bands also causes a higher localised strain. With the loading cycles increasing from 10000 cycles to 20000 cycles, an apparent strain accumulation appears at the lower edge of the pore, especially in the εyy and εxy strain component, even though there is no apparent increase in strain value in the strain bands in the matrix as shown in Figs. 5 (a) and (b). However, it is noted that we should be careful about the interpretation of the strain distribution around the edges of pores due to an incomplete speckle pattern within the subset caused by the subset crossing the boundary between the pore and speckled region. Moreover, it is noted that the surface regions with greater strain do not directly lead to crack initiation through the SEM observations during the interrupted test. In this particular case, the crack initiated within the pore (shown in Fig. 7) and is not captured by the in-plane surface measurement by SEM-DIC as shown in Figs. 5 and 6. Once initiated, the crack propagates along the two strain bands to the left of the pore. To enable better understanding of the role of pores and carbides in fatigue crack initiation, the 3D morphology of the same crack shown in Fig. 5 (f) is presented in Fig. 7 (a) , showing the interaction between the crack and nearby pores and carbides. As shown in Fig. 7 (a) , the crack initiates at the pore. This is also verified by the SEM observation during the interruption of the test at 50k cycles as shown in Figs. 7 (b) and (c). Some carbides can be discerned around the pore and are present within 100 µm from its surface. The crack shows a faceted "V" shape, and each flank has an inclination angle of ~45 o with respect to the loading direction, which indicates the crack propagates along the slip plane/band. This is consistent with the early SEM observation during interruption shown in Fig. 7 (d) . On the crack plane,
we can see carbide clusters located at the crack path, resulting in a small deflection of the crack path. Additionally, the absence of cracking from the two large sub-surface pores nearby indicates the location of the pore is critical to crack initiation process. To complement the observations of cracks from CT data and strain accumulation work, image-based modelling was conducted to observe the stress concentrations surrounding the pores. Using the geometries of the specimen features obtained from CT, the porosity shapes can be modelled to predict the stress concentrations forming around these features. Fig. 8 shows the overview of the dog-bone specimen when 85% of yield stress load is applied. Four porosity regions were observed from the surface as shown. The stress concentration factors from the model are calculated as: 1.67, 2.66, 2.03 and 3.57 for porosity regions 1-4
respectively. The porosity shown in region 4 is of the same region of interest studied with ex-situ SEM-DIC. Here it is clear a ridge within the geometry of the pore has generated a significant localised stress concentration compared to the other pores in the model. This correlates with the crack initiation observed in the SEM, where the crack was observed to initiate within the depth of the pore (Fig. 7) , and the X-ray CT showing the crack propagating into the bulk (Fig. 7) . Fig. 8 Image-based modelling of the stress concentration around the surface pores. The pore associated with crack initiation (region 4) shows the most significant stress concentration. Similarly to the dog-bone specimen, the crack preferentially initiates from pores as shown in Fig. 9 (a) . It appears that dislocations are mainly distributed in the γ channel. Due to the stress concentration effect around the pore and carbides, the lattice misorientation is high causing an over-exposed high contrast region immediately at the interface between the pore and the γ/ γʹ matrix. In Figs. 9 (b) and (c) we demonstrate that the dislocation density is much higher immediately adjacent to these regions in comparison to further from the crack. At the crack tip ( Fig. 9 (d) ), intensive deformation along with local lattice misorientation can be discerned, and the dislocation density is even higher than that adjacent to the pore where the crack initiated. Whilst there is some dislocation shear-cutting of γʹ in the deformation zone directly ahead of the crack tip ( Fig. 9 (e) ), this is not the case just adjacent to this region parallel to the crack path ( Fig. 9 (f) ). In Fig. 9 (f) we show that dislocations glide in the γ channel; here, a layer of γ matrix remains on the surface after polishing, which provides clear observation of the distribution of dislocations in the γ matrix as shown in Fig. 9 (g). 
Deformation structures
Discussion
As shown in this study, fatigue cracks mainly initiate from carbides and pores in SX superalloy MD2 at room temperature. These crack initiation features are widely observed in casting and directionally solidified Ni-based superalloys [4, 5, 21] . Large fatigue life variability is observed depending on the size, morphology and distribution of carbides and pores ( Fig. 4 ). Generally speaking, it is expected that large carbides and pores on the surface or close to the surface will dominate the crack initiation process. But it is noteworthy that the size of the feature responsible for fatigue crack initiation could not be directly related to the fatigue life as shown in Figs. 4 (c) and (d) and as also illustrated in the literature [21] . The variability of pore and carbide size, shape and distribution all contribute towards variability in the number of cycles to initiate a crack and the subsequent cycles to failure. This makes it difficult to predict the number of cycles before crack initiation and the location where the crack will initiate. Traditional 2D evaluation of the size, morphology and distribution of carbides and pores may bring about a bias which will hinder appropriate correlation between the true pore/carbide distribution and its link to fatigue life variability. 3D characterisation of carbides and pores thus provides a more accurate investigation of the role and effect of carbides and pores in fatigue crack initiation. Based on the 3D characterisation of carbides and pores, image-based FE modelling can be conducted to simulate the stress and strain response of the carbides/pores-containing specimens upon monotonic or cyclic loading, and to assist understanding and prediction of the failure processes related to the pores and carbides [23, 24, 47] . As shown in this study, by combining the experimental study with image-based modelling ( Figs. 7 and 8) , the observed initiation of the crack corresponded to the simulation results showing the pore with greatest stress concentration factor did act as the initiating feature. In addition to this observation, the image-based modelling work has revealed that the complex shape of the porosity needs to be considered. In this observed case, local "ridges" within the pore generated localised stress concentrations leading to a significantly larger concentration factor compared to the other surface pores.
The stress concentration caused by the existence of carbides and pores usually results in enhanced local plastic deformation [23, 24] . In this study, ex-situ SEM-DIC (a surface, inplane technique) was used to investigate the localised strain distribution around the pores and in the matrix. As shown in the literature [32, 34] and our previous study [33] , SEM-DIC can capture the strain distribution at the µm scale. In Fig.5 , the strain bands locating in the matrix indicate the occurrence of strain localisation and the validity/capability of SEM-DIC to capture the localised strain in this SX superalloy MD2. However, due to insufficient observable natural speckles (i.e. γʹ) within the pore, and edge effects at the boundaries surrounding the pore, the expected enhanced localised strain distribution was only unambiguously observed in a small region adjacent to the crack-initiated pore which extended sufficiently away from the pore edge ( Fig. 6 ). Further study of localised strain around the pores from the SEM micrographs ( Fig. 9 ) shows a densely populated distribution of dislocations in these regions. In the case of crack initiation within the pore as shown in Figs. 5 and 7, SEM-DIC failed to capture the crack initiation event. In addition, due to the relatively large γʹ (speckles), crack initiation and early stage crack propagation shown in Fig.   7 cannot be easily detected from the SEM-DIC results as a consequence of the insufficient spatial resolution. Therefore, some artificial speckle such as remodelled nanosized Au particles [34] may provide an alternative solution for the DIC correlation process in these regions. In addition, a future study potentially using stereo SEM-DIC by tilting the surface could aid in detecting local strain accumulation within a pore by considering the local variations in depth, and give further insights into the strain mechanisms leading to the initiation of cracks.
Although SEM-DIC can effectively capture strain localisation at a µm scale with high spatial resolution, the field of view is extremely limited (to ensure the required the spatial resolution) and there is a requirement for small iterative fatigue loading steps and intermittent SEM observations may be required over large areas to ensure the strain accumulation events prior to crack initiation are captured. Being able to better predict where the crack will initiate and at how many cycles is therefore important in being able to fully exploit this full-field technique for relevant regions of interest in the microstructure. The image-based modelling technique demonstrated in this paper has shown that capturing the geometry of the pores and modelling the stress concentrations is important in accurately predicting the location of the crack, and can be linked by reducing the search window for subsequent detailed SEM-DIC work. As a result, this study shows how promising it is to construct a framework for further study of fatigue crack initiation and early propagation mechanisms in SX superalloys from the meso-scale to the micro-scale by combining the full-field techniques of X-ray CT, imagebased modelling and SEM-DIC.
Conclusions
(1) X-ray CT and SRCT can accurately capture pore and carbide size, morphology and distribution in 3D. The pores and carbides which congregate within the interdendritic regions are dominant fatigue crack initiation sites.
(2) Deformation is concentrated within slip bands at room temperature. Somewhat enhanced strain accumulation around the surface pore is captured by SEM-DIC along with denser dislocation distributions around the pores as characterised by ECCI under controlled diffraction conditions. The crack initiated within the pore was shown to subsequently propagate along the surface strain bands detected by the SEM-DIC analysis. As the crack propagates, strain band density and dislocation density at the crack tip increases correspondingly.
(3) The stress concentration surrounding the surface pore exacerbates the strain accumulation.
Imaged based modelling revealed that the pore which exhibited the greatest stress concentration led to the formation of the crack. The position of the crack initiation observed experimentally correlated with the regions of greatest stress concentrations, which was shown to occur within the depth of the pore at a local "ridge", indicating that the detailed 3D shape of the pore may be critical in determining crack initiating features.
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